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Abst rac t - -The  xact expressions for scattering length and partial total cross-section for l~n and l~p 
systems are obtained in the frame of the extended Hilbert space model with continuous spectrum of 
resonances treated as an annihilation channel. The numerical gorithm for scattering data calculation 
is suggested. The numerical calculations for pn and pp scattering data at angular momentum L = 
0, 1, 2, 3 are performed on this base. The interaction parameters are fitted via two-body scattering 
data. A satisfactory agreement between experimental and theoretical data is obtained. 
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1. INTRODUCTION 
Few-body systems with antiprotons are nowadays the subject of intensive investigations [1-4]. 
Such systems include more information about particle structure and interpaxticle interaction. But 
the properties of such systems axe more complicated than ones for systems without antiparticles. 
There is no annihilation description from the QCD point of view because the annihilation region 
coincides with the nonperturbative QCD one. Because of the complication of the processes which 
include antiparticles, there are a lot of physical models for such process description. 
The main annihilation models axe the different variants of optical potential models [5,6], cou- 
pling channel models [7,8], quark models [9,10], and others. The optical potential models lead 
to the non-self-adjoint system Hamiltonians. This non-self-adjointness i  a reason for many 
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mathematical and computational difficulties. Moreover, more detail characteristics of scattering 
processes, for instance polarization ones, are not described by these models atisfactorily. The 
quark models are strongly dependent on from effective annihilation operator choice and dia- 
gram hierarchy. The coupling channel models contain a large arbitrariness for channel coupling 
operators, but they show the best experimental data description. 
There is a satisfactory description of the basic experimental scattering data for all these mod- 
els. The total and differential elastic and annihilation cross-sections and scattering lengths are 
reproduced with acceptable accuracy. But only certain approaches allow us to calculate xactly 
the more delicate characteristics such as, for instance, differential rearrangement cross-sections 
of scattering process j~p ~ fin [11]. 
Moreover, the recent developments of ~physics allows us to attack theoretically the few-body 
systems with i~. For example, the important problem is the study of i~d-scattering. The precise 
analysis of this system allows us in particular to extract he unknown data about the fin pro- 
cess [2]. The other reason is the study of weakly-coupled bound states for ~dd, ~pd-systems, and 
some others [12,13]. The annihilation effects may be rather large in such systems [13]. 
In the present work, we suggest a model for ~N scattering with annihilation channel which 
is treated as the continuous pectrum of resonances or as the continuous pectrum of a trial 
Hamiltonian i  some auxiliary Hilbert space. We restrict ourselves to consideration f two-body 
systems only, namely, pp and ~n. The main goal of the paper is to construct the annihilation 
interaction as well as nuclear ones for systems in frames of the well-developed extended Hilbert 
space approach [14-16]. It opens the way to attack three-body problems mentioned above because 
one needs for this purpose ~p and ~n interactions as input data. On the other hand, using the 
i~N-interaction, we calculate more delicate characteristics of the ~N systems uch as the ratio 
of real to imaginary part of the elastic scattering amplitude, Argand diagrams for lowest partial 
waves, and some others. 
The paper is organized as follows. In Section 2, we briefly describe the mathematical model 
laying in the background of our consideration. We modify the original extended Hilbert space 
approach [14-16] for continuous spectrum of the auxiliary Hamiltonian following [17]. In Sec- 
tion 3, we reduce the problem in question to some well-posed boundary value problem having 
the spectral parameter in the boundary conditions. We also derive some explicit formulas for 
scattering data. It makes a sound base for numerical analysis described in Section 4. We present 
in this section the results of numerical calculations. 
2. DESCRIPT ION OF THE MODEL 
In the present paper, we treat strong interacting particles as composites having complicated 
internal structure. In order to take into account his internal structure, we separate the role of 
different degrees of freedom in the two-particle system. Namely, in asymptotics regimes when 
two composites are far from each other, we describe the dynamics of the two-body system by 
ordinary two-body quantum Hamiltonian Hex = -A  -t- V with some potential. It means that 
internal degrees of freedom are frozen and do not play any role. On the other hand, when 
particles trongly interact, i.e., they are close to each other, the internal degrees of freedom play 
an essential role and should be incorporated into dynamics. 
It is clear that this incorporation is impossible in the frame of the same Hilbert space where 
the Hamiltonian H ex acts, and one needs to add some auxiliary Hilbert space 7~ in taking into 
account additional (internal) degrees of freedom. Let H i" be the Hamiltonian which governs the 
dynamics in 7-/in. Then the operator H ex (9 H in = H generates two independent dynamics into 
the channels 7~ ex ~)7-/in = 7~. To switch on the interaction between external and internal degrees 
of freedom, we do the following. First, we restrict both operators Hex and H in to some symmetric 
operators H~ x and H~ n acting in 7~ ex and 7-/in, respectively. Second, we combine them into the 
direct sum H0 = //8 x • H~ n being the symmetric operator again. And finally, we construct 
Annihilation Channel 561 
the total Hamiltonian Hr  describing the common dynamics of external and internal degrees of 
freedom as the self-adjoint extension of H0. One can treat then the difference 
Hr  - g -- W (1) 
as the interaction between 7~ ex and 7~ in channels. 
The scheme described above has been developed in a series of papers [14-16,18] for the case 
when the spectrum a ex of H ex has both continuous and discrete components but the spec- 
trum a in of H in has the discrete component only. This scheme has been applied to various 
physical problems where the discrete igenvalues of H in, being real before the restriction of H in 
to the symmetric H~ n, became the set of resonances for the H ex after self-adjoint extension and 
simultaneous "exclusion" of the internal channel ~.~in. 
The first attempt o apply the mathematical pproach described above to the annihilation 
processes has been done in [17] for the case of continuous spectrum of H in. When it is the case, it 
was shown that the continuous pectrum of H in, being real because H in is self-adjoint operator, 
became the continuous pectrum of resonances for H ex again after self-adjoint extension of H0 
and the "exclusion" procedure. At the same time for the total Hamiltonian Hr ,  the continuous 
spectrum of H |n generates the real spectrum with thresholds which are the thresholds for different 
annihilation processes. 
Here we apply the technique of extended Hilbert spaces to the pp and j~n scattering with 
annihilation channels. In the next section, we describe the realization of this technique for pN 
systems and reduce the abstract operator description to the well-posed boundary value problem 
for the differential equation. 
3. BOUNDARY PROBLEM AND SCATTERING DATA 
Let us briefly describe the construction of the model Hamiltonian Hr  (for details, see [14,17]). 
First consider the "external" block of the Hamiltonian H ex in the Hilbert space 7~ ex = L2(R3). 
For the i~n system we take H ex as the Laplace operator, H ex = -A ,  and for the i~P system we 
add the Coulomb attraction, H eX = -A  + ar -1, where a = Mpepe~ is the Coulomb constant. 
Next we introduce an abstract Hilbert space 7~ in where an additional self-adjoint operator H in 
acts. In the simplest case of our model, H in is given by its spectral measure dec (which is the 
parameter of the model), 
/? H in = ~dE¢. (2) 
M 
Here -M is the annihilation threshold, M = mp + ran(p) - ~,i m~, where ~-~i m~ is the sum 
of annihilation products masses. The operator H in describes the annihilation channels. In the 
more general case, its spectrum can also include some eigenvalues interpreted as binding energies 
of quark compound bag [17,18]. Next, both self-adjoint operators H ex and H in are restricted to 
symmetric one, H~ x and H~ n, respectively. For the "external" channel L2(R3), the operator H~ x 
is determined on the W2~(R 3) functions, vanishing in the vicinity of the sphere Sp of radius p. 
This sphere is called the interaction surface, and p is the annihilation radius. For additional 
channel 7~ in, we use a special scheme of restriction described in detail in various papers [14-18]. 
The common extension of the symmetric operator H~ x ~ H~ n to some self-adjoint operator Hr  
gives the total Hamiltonian of the system. The correspondent theory and calculations are given 
in detail in [14,17]. In the present paper, we use the results of [17] which allow us to restrict he 
spectral problem for Hr  to the effective boundary problem in R3: 
Hr~ = z~, 
• +(r, s; z)lrfp = ~-(r,  s; z)l~=p, 
[@'(r, s; z)] Ir=p = -Q(z) /^ @ (p, s'; z) ~ (s') ds'¢(s), 
p 
(3.1) 
(3.2) 
(3.3) 
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where (r, s) = x • R 3 are spherical coordinates, ¢+(r,  s; z) = ¢( r  + 0, s; z), ¢ '  = ~;~, [¢]lrffip = 
~+l~ffip - ~-I~=p. Function ¢(s) • L2(Sp) is the channel coupling function (parameter of the 
model), and its L2-norm I1¢]12 = fsp I¢(s)l 2ds is the coupling constant. The energy-dependent 
function Q(z) is given by the Schwarz integral [11-17] 
f :  r/~ + zff Q(z) =  _------~ dp (~), 
M 
where the constant ~/2 E R is the model parameter, and the absolute continuous measure dp(~) 
is calculated in terms of the spectral measure dEc. Its derivative #'(~) = -~ has the sense of 
velocity of annihilation probability alteration depending on energy. 
Note, that in the general case the obtained Hamiltonian is determined by the boundary value 
and cannot be represented in the matrix form ( H°" HBI, ) in the Hilbert 
% 
problem (3) space B* 
L2(R 3) (9 ~/in, whereas any operator of the latter form can be obtained in frames of the used 
operator extension theory method [14]. 
Effective energy-dependent self-adjoint boundary conditions (3.2),(3.3) simulate the short- 
range nuclear interaction including the annihilation channel with threshold -M.  Note, that 
in the limit case IIq~ll = 0, the channels are disjoint and we have the free (or Coulomb) motion in 
R 3, whereas for IIq>ll = oo, the system is equivalent to the scattering by hard core of radius p. 
After partial analysis of the boundary value problem (3.1)-(3.3), we obtain the following bound- 
ary problem in the/th partial wave Ct: 
(-02 + l(l + 1)r -2) Ct(r, z) = zCt(r, z), for/T~ system, 
(-O2r + l(l + 1)r -2 + ar -1) el(r, z) = z¢l(r, z), for ~p system, 
Cz+(r, z)lr=, = ¢~ (r, z ) l r=, ,  
[¢~(r, z)]l,fp = -(21 + 1)l¢ti2q(z)Cl(r, z)l,fp, 
where Cg are the partial components of the coupling function q>(s). Let us represent ¢~(r, z) as 
follows [19]: 
i s 
¢+(kr) = ~ [h['(kr) + S~(k)h+(kr)] , (4.1) 
¢[" (kr) = Cl(k)f~(kr), (4.2) 
where z = k 2 and 
h~(x) = ff(x) -I- ifls(x), 
f~(x) and f : (x)  are regular and singular partial solutions of the equation (3.1), Sl = e ~6' is 
S-matrix element. 
Substituting (4.1) and (4.2) in (3.1) and (3.2), one can express St as: 
[1¢, I~0 (k s) - / [ '  (kp)l f[(kp)] h 7 (kp) + h'~' (kp) 
S,(k) = [_1¢=120 (k2) + fT'(kp)/f[(kp)] h+(kp) _ h+'(kp)' (5) 
where primes designate derivatives. In the frame of our model, one can calculate the scattering 
length for the pn system, 
P2Q(°)lCtl2 (6) 
a0 = pQ(0)l¢,12 _ 1'  
and for the ~p system, 
a S = - l i ra  [C02(()k cotan (6o(k))+ ah(()] - I  
k--~O 
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where 
21r¢ a 
C°2(() = e 2~¢- 1' ¢ = 2k' 
co 1 
h(¢) + In(C) = ¢2 ~ j(j2 + ¢2) % 
j----1 
and 7 stands for the Euler constant. 
Using asymptotic expansions for regular f~(x) -- Fo(x) and singular f~(x) =- Go(x) Coulomb 
functions at x --, 0, 
, , , ,  ,-,-,, ) Fo(kr)= Co kr l +~kr- -~ +-~(, ~ r +. . .  , 
Go(kr) = - (V/-~ ~--o)/1 -t- 2kr~'(ln(2kr) -t- 2~/- 1 + h(,) + In ¢) - - -  k2r2 1 + 3~2k2r 2 + .. .  , 
in the first order of perturbation theory with respect o parameter c~ - a12 (c~ = 0.035 fm-  1 for 
l~p system) we have: 
-1  +ap 
a~) ~-~ 11p2Q(0)  __ ii p + 2c~[In(2c~p) + 2"y - 11 + alQ(0)(21p - 11p(i - a:))" 
(z) 
Let us investigate the dependence of partial cross-section al(k) on the coupling constant [¢1[2: 
• I1-S~12 (~') 
Using the expression (5), we have for 4k2al(k, I¢12) = I1 - Stl2: 
1¢14 IQ (#,:)1 ~ (a f t -  f~) - 2g1¢12 Im (Q(k2) h +) _g2 
4kla (k, I¢1 i ) = +1,  
I¢14 IQ (k2)12 (f~ + f~) + 2g1¢1 u Im (Q (k 2) h +) + gi 
(8) 
where g = fJ - Sr l fs / f r .  Then 
4k 20a (k, I¢12) 
a(l¢l 2) 
81¢12 IQ 12 f2rgIm (Q (k 2) h +) (1¢12 + glIm (Q (k 2) h+) 
(1¢14 IQ (k2)l 2 (fr 2 + f~) + 2g1¢12 Im (Q (k 2) h+) + ~2) 2 
Therefore, the partial cross-section has the point of maximum with respect o the coupling 
constant at 
gi _ / [ ' / f [  - S t ' / / :  
I¢r~12 = Im (Q (k 2) h +) - Re (Q (k2)) + Im (Q (k2)) f/r/f/s • 
In the hard core case  I¢II 2 ~--- OO for any l, equation (8) turns into 
. ( 
~¢:(~) = -: I + If2 + S:~ ). (9) 
In the model described above, the boundary condition (3.3) includes the nuclear and anni- 
hilation effects simultaneously. The more realistic description of .~N short-range interaction 
supposes the separation of annihilation and nuclear interaction radii. 
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In the frame of our model, we have included the nuclear interaction by means of additional 
self-adjoint boundary conditions on the sphere of radius R: 
[O.¢]lr=a = v~l~=a, (10) 
where v is the function from L2(SR). We defined the annihilation i teraction by means of previous 
energy-dependent boundary conditions on the sphere of radius p. Therefore, the new boundary 
problem has the form 
Hr$  = z~, 
~+(r, s; z)l~=R = ~°(r, s; z)lr=R, 
[~'(~, ~; z)] I~=R = ~(R ,  ~; z), 
• °(r, s; z)l~=. = ~-(r ,  s; z)l~=., 
[qY'(r, s; z)] Ir=p = -Q(z)¢(s)  /_ qy (p, s'; z) 7~ (s') ds', 
p 
(11.1) 
(11.2) 
(11.3) 
(11.4) 
(11.5) 
where the function ¢+(r) = ¢(r)lR<r<¢o, the function ~°(r) -= ~I/(r) lp<r<R, and the function 
~- ( r )  _= ¢(r)10<r<p, [q/][r=r* = q/It=r*+0 - elf=r*-0, where r* = R or r* = p. 
After the partial analysis we obtain the following boundary problem in the I th partial wave ¢~: 
(-O~r + l(l + 1)r -2) ~bt(r, z) = zCt(r, z), 
(-02~ + l(l + 1)r -2 + ar -1) ¢l(r,z) = z¢l(r,z), 
¢~(r, z)tr=R = ¢0(r, z)lr=R, 
ICe(r, z)] I~=a = ~¢t(r, ~)I~=R, 
¢°(r, ~)1~=. -- CV (~, ~)1~=,., 
[¢;(r, z)] I~=p = -(2l  + 1)l¢ll2Q(z)Cl(r, z)l~=p, 
for the pn system, 
for the ~ system, 
where 
i l 
¢+(kr) = ~ [h'[ (kr) + St(k)h+(kr)] ,
~p°(kr) = C~(k)ff  (kr) + C2(k)f~(kr), 
¢7 (kr) = C3(k) f f  (kr), 
where h~(x) = f~(x) -4-if~(x), i f (x)  and f{(x) are regular and singular partial solutions of the 
equation (11.1), St = e 2i6' is the partial S-matrix element. 
As it was performed in the previous model, one can express St as: 
Sl(k) = h-~ (kR)l~l(k, R, p) -4- h[-' (kR) (13) 
-h+(kR)12t(k, R, p) - h+'(kR) '
f'~Dt(kp) - f'~ (kR) 
~l(k, R, p) =- f~(kR) - f~(kR)Dl(kp) - vt, 
Dt(kp) =- f '~(kp)/Bl(kp)-- f~(kp) 
f'~(kp)/Bt(kp) - ~ '  
(12.1) 
(12.2) 
(12.3) 
where ¢1 are the partial components of the coupling function (I)(s) and vt are the partial compo- 
nents of the function v(s). Let us represent ¢~(r, z) and ¢0 as follows [19]: 
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Bz(kp) - *f'[ I¢ll2Q(z), 
11 
and primes designate derivatives. 
In the frame of the model, one can calculate the scattering length a for the 1fin system, 
1 
= - , (14) a R 1 / (R -a )+Vo 
where 
1 
a = p - 1 /p  - Q(0)l¢012" 
The scattering length for the/~p system can be calculated as it has been performed for the model 
with one boundary condition. 
4. NUMERICAL  ANALYS IS  
The models described in the previous ection include a set of parameters. These parameters 
may be defined only by the comparison of the theoretical nd known experimental data. The 
obtained interaction may be used for the calculation of the unfitted observables. Therefore, such 
calculation allows us to verify a "quality" of the interaction. In this section, we describe the 
fitting procedure and discuss ome obtained results. 
In the model with one boundary condition (3), there are the following parameters: the inter- 
action radius p, coupling constants ICzl 2, the extension parameter z}2, and the functional measure 
parameter #(~). The model with two boundary conditions (11) includes in addition the second 
interaction radius R and coupling constants yr. Numerical experiment shows that the description 
of experimental data weakly depends on the choice of #(¢) form, if the measure is normalized. 
Therefore it is possible to choose the measure in the simple and convenient form: 
/~-M ¢ 
~(¢)= ~ ¢+8"  
This representation includes only one parameter 8.
All used model parameters can be fitted via experimental data, such as complex scattering 
length and total scattering cross-section. Let us introduce the functional 
1 /k . .x  Io-tot(k) oxp -- O'to t (k)[ dk, 
exp 
X ---- kmax kmin Jkm,. o-tot(k) + o-tot (k) 
where O'tot(k ) -- ~"~4 (2l -}- 1)a~ and a~ are given by the relation: 
~ (1 - I s ,  I ~) a~ = 4~lfll 2 = ~ I1 - &l 2 ÷ V (15) 
,Texp For the experimental total cross-section Vto t , we use the parameterizations performed in [20,21]. 
The ivP total cross-section one is fitted by experimental data [20] as 
53.84 
,,(~P)tb~ = 65.55 + - -  (16) ~tot  Vv / k 
For the/Trn total cross-section, the parameterization s evaluated on the base of experimental/Sd 
data [21] as follows: 
(~) 44.26 (1~) 
o-tot (k) -- 60.59 + 
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Table 1. The parameterization results for ~ interaction. 
Waves 
8 
s+p 
s+p+d 
s+p+d+]  
Waves 
8 
s+p 
s+p+d 
s+p+d+f  
X 
12.63 
3.56 
0.34 
0.09 
p, fm 
0.60 
0.90 
1.20 
1.15 
~2, fm-2 ~, x l0a fm -1 
80000 5005 
1200 203 
600 42 
5000 57 
I,~01 ~' led  2 I~ l  2 1¢,312 
5.83 - - - 
11 .9  4.5 - - 
3.83 14.0 12.0 - 
0.64 3.0 7.0 7.0 
Table 2. The parameterization results for/~p interaction. 
X 
12.15 
3.80 
0.90 
0.11 
p, fm 
0.65 
1.05 
1.35 
1.59 
fi2,fm-2 #, x l03fm -1 
30000 2367 
150 85 
12 32 
470 20 
I~012 I~,iI 2 I~ I  2 I~,312 
7.0 - - - 
35.0  8.1 - - 
122 .0  20.0 2.0 - 
1.6 9.0 1.1 1.2 
50,3]  
) 
J 
200 i 
= ] 
d 
E : 
loo-] 
q 
4 
'-1 
0] ,  
0 
% 
- - -  \~  - 
1 O0 2OO 500 
Figure 1. The total l~n cross-section for the model with one radius of interaction. 
Solid line is for the model with S, P, D, and F waves, long-dashed line is for the 
model with S, P, and D waves, short-dashed line is for the model with S and P 
waves, dotted line is for the model with S wave only. The experimental values are 
taken from [2]. 
600:  
..I 
400 1 =I ~0 
2OO 
W 
Figure 2. The total I~P cross-section for the model with one radius of interaction. 
The notations are the same as for Figure 1. 
In  the  case where  the  momentum t rans fer  k o fp  in equat ions  (16), (17) is measured  in  Gev/c  then  
O.(~N) i ,.x 
tot ~r~] is measured  in mbn.  
By  us ing  the  complex  scat ter ing  length ,  we fix two parameters ,  namely ,  ~ and  r/2. We use the  
same va lue  a0 = ( -0 .93  + i0.95) fm [2] of  the  scat ter ing  length  both  for /~p and  frn because  the  
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Coulomb difference is rather small and its exact value is unknown. After the elimination of 
and 7/2, we minimize the functional X as a function of the other parameters in the momentum 
region kmin -- 50 Mev/c, km~x = 300 Mev/c. 
The results of the calculation of the model parameters for/~n and l~p systems are shown in the 
Table 1 and Table 2, respectively. The total cross-section for various number of partial waves 
are demonstrated in Figure 1 and Figure 2. The calculated results in the Figures 1 and 2 show 
that the role of F-wave both in pp and/~n cases is small enough. This fact allows us to limit our 
consideration by S, P, D, and F waves only. 
The total cross-section has the resonance behavior near threshold. This fact confirms the 
prediction of Shapiro and coauthors [7,8] about existence of near threshold resonances, o-called 
barionium states. 
The existence of an annihilation channel in the system brings the great difference in comparison 
with the experimental data of NN scattering. It is reflected, for example, in a behavior of higher 
partial waves. As it was noted in [2], the P-waves contribute 40-60% in the total cross-section. 
This contribution can be traced to the behavior of the ratio of real to imaginary part of the 
elastic scattering forward amplitude r as a function of ~momentum transfer (see Figure 3). This 
ratio rapidly increases from -1  at the threshold up to 0 at 200 Mev/c. The reason for that is 
connected with the compensation of real parts of S- and P-wave amplitudes, which have the 
different signs [7,8] (see the Argand diagrams for S- and P-waves in Figure 4). 
0.5 
0.0 
-0.5 
i  Me\jc 
J ' "  : o6 . . . . . . .  S66 . . . . .  
-1 .0  4 
Figure 3. The ratio r of real to imaginary part of the elastic scattering forward 
amplitude as a function of ~-momentum transfer for the model with one radius of 
interaction. 
,.2 -~ .~ j  ~ ,~.~ 
K) 
I i * 
/ /  i 
t 
4 
-2 .5  2 
Figure 4. The Argand diagrams for S- and P-waves for the model with one radius 
of interaction. 
The fitted parameters for the model with two radii of the interaction for f~p system are shown 
in Table 3 and Figure 5. 
34-$/6-G 
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Table 3. The parameterization results for ~p interaction with separated radii. 
Waves s s 4- p 
X 16.40 3.72 
p, fin 0.60 0.11 
R, fin 1.50 1.00 
v 2 X 103, fm -2 15 14 
/3, f in- 1 40 1620 
1¢ol 2 O.Ol 0.20 
I , / ,112  - 1.o 
I ¢ , . , I  2 - _ 
I ,~312 - _ 
vo, fm -1 -0.73 --0.66 
Vl, fm-  I - -3 .0  
is2, fm- I  - _ 
v3,fm -1 - _ 
s+p+d s+p+d+f  
0.66 0.51 
0.11 0.09 
1.02 1.00 
19 31 
1880 6400 
O. 17 0.37 
1.2 3.0 
3.0 2.0 
- 2.5 
-0.64 -0.64 
-3 .0  -3 .0  
--2.5 -2 .5  
- -3 .5  
600 - 
E 
400 
200 
0 
\ 
- - - "  . . . . . . .  T ,Mev  
~ l i ~ l t l i : J , l J T J F , I J i i , : ~ l i l r l ; ~ l ~ .  i l l ,  I 
0 !00  200 ,300 400 
Figure 5. The total/~p cross-section for the model with separated radii of annihilation 
and nuclear interactions. The  notat ions are the same as for Figure 1. 
600 7 
400-  / 
,'-- \ 
f . - .  
E 'k  
200  " ~  
l 
\ ~',,....~22,~ n T, Mev  
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Figure 6. The total  at and annihilation O'ann cross-sections for the pp scatter ing 
model  with separated radii of annihilation and nuclear interactions. 
The contribution of the annihilation cross-section to the total cross-section for the model with 
two radii of the interaction is shown in Figure 6. 
The values of short-range interaction radii are in good agreement with theoretical predictions 
of other authors [7,8], namely, the annihilation radius is ~ 0.1 fin and the nuclear one is ~ 1 fm. 
The infinity values of coupling constants (llCt I[ 2 = oo, I = 0, 1,2, 3) correspond to the process 
of scattering by hard-core. In this case, the additional channels do not influence the scattering 
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data. The  total cross-sections of i~n and/Yp scattering by hard core for the model with one radius 
of interaction axe shown in Figure 7 and Figure 8, respectively. As  it can be seen, the internal 
channel essentially influences the behavior of the cross-sections. 
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Figure 7. The total j~n cross-section of scattering by hard-core for the model with 
one radius of interaction. The notations are the same as for Figure 1. 
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Figure 8. The total/~p cross-section of scattering by hard-core for the model with 
one radius of interaction. The notations are the same as for Figure 1. 
5. CONCLUSION 
In the frame of the model, we describe the scattering length, total and elastic cross-sections 
both for frp and l~n systems. The result of fitting shows that the higher partial waves contributions 
in total cross-section are essential. This fact is in good agreement with experimental results [22]. 
For the model with separated annihilation and nuclear interactions, the calculated interaction 
radii are in satisfactory agreement with other theoretical predictions [2,7,8]. As the advantage 
of the model, we can mention also the resonance behavior of the elastic cross-section near the 
threshold of annihilation which is in agreement with the predictions given in [7,8]. However, 
some detailed characteristics are not described satisfactorily. For example, the contribution of 
annihilation process to the total cross-section is less than the experimental data. 
The performed parameterization f the energy-dependent pair interactions i a sound base 
for numerical investigation of the three-body scattering problem with annihilation channel in 
the frame of the Faddeev scheme combined with the extension theory approach [14]. These 
parameterizations may be used for a description of the bound states and the scattering processes 
for ~Sd, i~t, and p3He systems [23] and to the annihilation processes description for He++e-~ 
atomcule [3,4]. 
570 Yu. A. KUPERIN et al. 
REFERENCES 
1. C.J. Batty, Rep. Prog. Phys. 52, 1165, (1989). 
2. B.O. Kerbikov, L.A. Kondratyuk and M.G. Sapozhnikov, Usp. Fiz. Nauk 159, 1, (1989). 
3. M. lwasaki et al., Phys. Rev. Lett. 67, 1246, (1991). 
4. T. Yamazaki et al., Nature 361,238, (1992). 
5. C.B. Dover and J.M. Richard, Phys. Rev. C C21, 1466, (1980). 
6. T.-A. Shibata, Phys. Lett. B B189, 232, (1987). 
7. I.S. Shapiro, Nuel. Phys. A A478, 665, (1988). 
8. O.D. Dalkarov, J. Carbonell and K.V. Protasov, Yad. Fiz. 52 (6), 1670, (1990). 
9. H.R. Rubinstein and H. Stern, Phys. Lett. 21,447, (1986). 
10. A.M. Green and J.A. Niskanen, Nucl. Phys. A A412, 448, (1984). 
11. W. Briickner et al., Phys. Left. B B169, 302, (1986). 
12. A.M. Frolov and A.J. Thakkar, Phys. Rev. A A46, 4418, (1992). 
13. V.I. Korobov, Yu.A. Kuperin and S.I. Vinitsky, Phys. Lett. B B315, 215, (1993). 
14. Yu.A. Kuperin and S.P. Merkuriev, Selfadjoint extensions and scattering theory for several-body s stems, 
Amer. Math. Soe. Transl. 150, 141, (1992). 
15. B.S. Pavlov, Russian Math. Survey 42, 127, (1987). 
16. B.S. Pavlov, Teor. Mat. Fiz. 59 (3), 345, (1984). 
17. Yu.A. Kuperin and Yu.B. Meinikov, J. Math. Phys. 33 (8), 2795, (1992). 
18. Yu.A. Kuperin, K.A. Makarov and B.S. Pavlov, Teor. Mat. Fiz 69 (1), 100, (1986). 
19. M.L. Goidberger and K.M. Watson, Collision Theory, Wiley, New York, (1964). 
20. D.V. Bugg et al., Phys. Lett. B. B194, 563, (1987). 
21. L.A. Kondratjuk and M.G. Sapozhnokov, Nucl. Phys. A. A46, 89, (1987). 
22. C. Amsler and F. Myhrer, Anna. Rev. Nuc[. Part. Sci. 41, 219, (1991). 
23. Yu. Kuperin and E. Yarevsky, Effective annihilation potentials for the ~ and/~t-systems, IPRT preprint, 
#27-94, (April 1994). 
